Abbreviations TWI = trade wind inversion; HAVO = Hawai'i Volcanoes National Park; PA = presence/ absence. 
Introduction
Species are known to have changed their distributions in response to climate change (Walther et al. 2002; Parmesan & Yohe 2003; Lenoir & Svenning 2015) and other anthropogenic disturbances (Gehrig-Fasel et al. 2007; Batllori & Gutierrez 2008) . Changes in the distribution of plants can cause loss of ecosystem services (Thuiller et al. 2006; Moor et al. 2015) , and many studies are now examining how plant distributions have changed in the last century (Beckage et al. 2008; Kelly & Goulden 2008; Lenoir et al. 2008 ). Repeated field surveys over time are particularly valuable for understanding plant distribution shifts (Walther et al. 2005; Damschen et al. 2010; Juvik et al. 2011; Felde et al. 2012) .
Documentation of distribution shifts from long-term field observations has so far been limited in three aspects. First, reports on whole distribution ranges are rare. Most distribution shift reports have focused on specific elevation points such as mean elevation (Lenoir et al. 2008) or forest upper elevation limits, such as tree lines (Jump et al. 2012) . The lower elevation limit is less often considered (Wilson et al. 2005; Brusca et al. 2013) , although this range limit is important for range dynamics (Hampe & Petit 2005; Jump et al. 2009 ). Focusing on a species' elevation limit ignores changes in elevation ranges, which are derived from analysing both upper and lower elevation limit. Second, comparisons in distribution change patterns between native and non-native plants remain limited (Hulme 2011) . Native species should already be adapted to local environmental conditions and distributed across their realized niches, whereas non-native species are more likely to be in a niche expansion phase due to their relatively recent arrival. This difference could lead to distinct patterns of distribution change between these two groups over time, in the context of global change. Third, reports on tropical island plants, which have high rates of endemism, are limited (Colwell et al. 2008; Jump et al. 2012; Angelo & Daehler 2013) . Island plants are often more sensitive to anthropogenic disturbances such as fires, land uses and invasive species (D'Antonio 2000; Vorsino et al. 2014) . Although oceanic islands are predicted to show less climate change-related temperature increase compared to coastal and continental regions (Harter et al. 2015) , tropical species are also hypothesized to be sensitive to changes in climate due to low intrinsic climatic variability in the tropics and increased niche specialization (Janzen 1967; Ghalambor et al. 2006; McCain 2009) .
To help address the knowledge gaps noted above, we re-surveyed vegetation plots along an elevation gradient on Mauna Loa on the island of Hawai'i (Mueller-Dombois 1975; . These plots were established between 1966 and 1971 in Hawai'i Volcanoes National Park (HAVO), under the International Biological Programme (IBP) (Clapham 2011) . Since these vegetation plots span a wide elevation range of about 2,500 m, we could observe distribution changes, including species' upper and lower elevation limits, by re-surveying these plots. Since species' upper and lower elevation limits are often determined by different factors (Chen et al. 2011; Kroiss & HilleRisLambers 2015) , upper and lower elevation limits were predicted to change differently. Native and non-native species could also show some differences according to their historic or ecological background, such as whether they have already fully expanded in a given niche (native) or are still under expansion (non-native). Revealing these differences from long-term field data can disentangle important factors involved in the distribution of tropical island plants.
To clarify distribution shift patterns among Hawaiian plant species, this research analysed each species' change in mean elevation, upper elevation limit, lower elevation limit and elevation range. The following questions were addressed: (1) has the mean elevation, upper elevation limit, lower elevation limit and elevation range changed; and (2) if elevation shifts have occurred, do they differ between native and non-native plants?
Methods

Site information
Original vegetation plots (mainly 500 m 2 , 603 m 2 on average, ranging from 65 to 10,000 m 2 ) were established on the southeast slope of Mauna Loa between 1966 and 1971 under the IBP. These plots were set along an elevation gradient in HAVO. Among these original plots, 46 plots were selected to re-survey in 2010 so as to yield an even distribution of plots across the elevation range. The original location map, with the plots labelled on a 1:240,000 topographic map, enabled us to accurately relocate plots using GIS digitization and a GPS navigation system. We sought to maintain a minimum distance (ca. 50 m in horizontal distance) between plots since several of the original plots were closely spaced. The resurveyed plots spanned from 43 to 2573 m, and included at least one plot per 100 m elevation interval (Fig. 1) . Note that all elevations are reported as above sea level. Field notes taken during the original surveys noted that evidence of disturbance by feral animals was observed in several plots (19 out of 46 plots). Feral animal disturbance seemed to be less frequent in 2010 as a result of historical removal of feral ungulates in HAVO.
According to the Climate of Hawai'i database (http://cli mate.geography.hawaii.edu/downloads.html) and the rainfall atlas of Hawai'i (http://rainfall.geography.hawa ii.edu/downloads.html), mean annual temperature (1957-1981) and annual precipitation (1978-2007) of the research site spanned from 8.4°C to 23.2°C and from 914 to 5306 mm, respectively. Annual precipitation peaks at around 600 m and then decreases with elevation, with a slight increase from west to east due to humid air from trade winds. According to the climate observatory data at HAVO Park Headquarters (1200 m), mean annual temperature has risen by 1.07°C during the past six decades, whereas annual precipitation has not clearly changed (Appendix S4). Giambelluca et al. (2008) also reported that the mean annual temperature increased by 0.83°C at high-elevation sites (>800 m) based on Hawaiian climate observatory data from 1975 to 2006. All vegetation plots were on basalt lava flows varying in geological age from 400 to 11,000 yr.
Field research
We re-surveyed each plot following the same methodology as the original surveys (Mueller-Dombois 1975; . Every vascular plant species' occurrence and percentage cover was recorded in each vegetation layer (i.e. tree, shrub and herb layer). Due to difficulty in identification, several species were grouped together: three Cibotium species (C. chamissoi, C. glaucum, C. menziesii) and three Coprosma species (C. menziesii, C. ochracea, C. rhynchocarpa). All of these species are native. Native and nonnative species nomenclature follows the Flora of the Hawaiian Islands website (http://botany.si.edu/pacificisla ndbiodiversity/hawaiianflora/index.htm, accessed Jan 2016).
Data analysis
The total number of species detected decreased from 199 (native = 115, non-native = 84) in 1966-1971 to 127 (native = 80, non-native = 47) in 2010. Recent environmental change (Appendix S4) or anthropogenic disturbance may possibly affect this reduction in species richness but the main drivers or mechanisms are still unclear. This reduction of species richness occurred across the whole elevation range. There were 16 new non-native species in 2010, such as Morella faya, Hedychium gardnerianum and Schizachyrium condensatum. Species that appeared in two or more plots in both the current and past data set were selected as target species for analysis (n = 69; Appendices S1, S9). Four elevation parameters (mean elevation, upper elevation limit, lower elevation limit, elevation range) were calculated for each target species in both current and past data sets. Temporal differences in the four elevation parameters were calculated in each target species. Then, the community mean values of these four elevation parameters were calculated for all species (n = 69), native species (n = 49) and non-native species (n = 20). Elevation shifts were calculated not only in terms of presence/ absence (hereafter PA) but also in terms of cover, which was used to calculate the cover-weighted mean elevation, also known as the "centre of gravity" (Chen et al. 2009; Feeley et al. 2011) . Each species' cover at one plot was calculated by adding its cover in all vegetation layers. To check whether grouping of Cibotium spp. and grouping of Coprosma spp. could have affected conclusions, we also conducted statistical tests excluding these species groups. Each species' elevation distribution shift was graphically checked and species showing representative cover change patterns for native and non-native species were identified for illustrative purposes. To reveal possible trends at a higher taxonomic level, a genus-level analysis (n = 68) was also conducted both in PA and cover. The genus-level analysis involved some genera that could not be used for the species-level analysis because some species were represented by single points, but a genus-level range could be determined when species of the same genus were pooled. Native and non-native comparisons at the genus level were made by excluding genera that had both native and non-native species.
Statistical tests were conducted using a Monte Carlo permutation test, which was similar to Burge & Salk (2014) . We conducted two types of Monte Carlo permutation tests: (1) a temporal permutation and (2) a species permutation. The temporal permutation test started with random resampling of elevation occurrence within the observed occurrence time (1967-1971 or 2010) and tested the null hypothesis that species have the same elevation range during the two sampling dates. Random resampling was conducted 1000 times for each species without replacement and used to calculate the permuted elevation difference between 1967-1971 and 2010 . The difference between observed and permuted elevation difference was calculated for each species and the average of this observed-permuted difference among species was calculated for all species (overall), native species and non-native species groups. We also calculated confidence intervals for the permuted difference and P-values for each elevation shift.
The species permutation test was used to compare elevation shifts between native and non-native species groups. The null hypothesis for the species permutation sampling is that both native and non-native species groups have the same elevation shift. This permutation starts with random reassignment for "native" or "non-native" status in each species, while total species richness of each species group was held constant (Hill & Fischer 2014 ). Then we calculated the permuted difference in each elevation shift 1000 times.
Species permutations were similarly conducted to elucidate whether native or non-native species differed in their temporal change in cover. The species permutation randomly reassigned "native" or "non-native" status to each species. Observed difference in total cover change between native and non-native species in each plot was compared with permuted values. To compare native and non-native species having the same life form, we conducted this species permutation separately for herb and tree species. Statistical tests were conducted using R v 3.1.2 (R Foundation for Statistical Computing, Vienna, AT).
To check for the possible effect from differences among sites in disturbance by feral animals, the plot sum of cover among disturbed (n = 19) and non-disturbed sites (n = 27) was statistically compared in 1970 native, 2010 native, 1970 non-native and 2010 non-native data sets using two sample t-tests. Temporal change in plot sum of cover was also statistically tested between disturbed and non-disturbed sites in native and non-native species groups using Welch's two sample t-test.
Results
Overall change in mean elevation
Across 69 species analysed, the mean elevation shifted upward by 65.2 m based on PA data, and the observedpermuted difference was significantly more than zero (P < 0.001; Table 1a ). This significant trend was also observed in the cover-based analysis (51.4 m; P < 0.001), in the genus-level PA-based analysis (61.2 m among 68 genera; P < 0.01) and also in the genus-level cover-based analysis (62.3 m among 68 genera; P < 0.05). When we Table 1 . Species-and genus -level analysis for elevation shifts in mean elevation (a), upper elevation limit (b), lower elevation limit (c) and elevation range (d). removed the Cibotium spp. group and the Coprosma spp. group, overall mean elevation shifted significantly upward by 64.6 m (P < 0.001, n = 67) in the species-level PAbased analysis, and by 52.4 m (P < 0.001, n = 67) in the cover-based analysis.
Level
Overall change in upper and lower elevation limit and elevation ranges
Both upper and lower elevation limits showed upward elevation shifts when considering all species. The upper elevation limit shifted upward significantly in the PA-based analysis (31.6 m; P < 0.05; Table 1b ). The lower elevation limit also significantly increased (90.5 m; P < 0.01; Table 1c ). This pattern was also robustly sustained in the cover-based analysis (upper elevation limit: 33.0 m; P < 0.05; lower elevation limit: 89.2 m; P < 0.01) with similar trends in the genus-level PA-based analysis (upper elevation limit: 18.5 m; P = 0.054; lower elevation limit: 109.2 m; P < 0.05) and in the genus-level cover-based analysis (upper elevation limit: 17.0 m; P = 0.076; lower elevation limit: 112.0 m; P < 0.01). When we removed the Cibotium spp. group and the Coprosma spp. group, this pattern was also sustained in the species-level PA-based analysis (upper elevation limit: 32.5 m; P < 0.05; lower elevation limit: 92.3 m; P < 0.01) and in the cover-based analysis (upper elevation limit: 33.7 m; P < 0.05; lower elevation limit: 90.9 m; P < 0.01). Consistent with this symmetric distribution change, elevation range did not change in the species-level PA-based analysis (À58.9 m; P = 0.11), in the cover-based analysis (À56.2 m; P = 0.13), in the genus-level PA-based analysis (À90.7 m; P = 0.11) or in the cover-based genus-level analysis (À95.0 m; P = 0.09; Table 1d ).
Native vs non-native species
Average change in mean elevation for the 49 native and 20 non-native species was 57.3 m and 84.4 m, respectively, and both shifts were significant according to the temporal permutation test for native (P < 0.001) and nonnative (P < 0.05) species (Table 2 ). The species permutation test revealed that this shift in mean elevation was not statistically different between native and non-native species (Appendix S2a). However, these two species groups showed different patterns in elevation limits. For nonnative species, the change in their upper elevation limit was significant (126.4 m; P < 0.01); this was matched by a corresponding significant increase in their lower elevation limit (81.6 m; P < 0.05). This type of range shift in nonnative species is represented by Arundina graminifolia, Rubus argutus, Lythrum maritimum and Anthoxanthum odoratum ( Fig. 2 ; see Appendix S8 for graphs showing distribution trends for each of the 69 species in this study). For native species, on the other hand, the change in upper elevation limit was not significant (À7.1 m; P = 0.25), while the change in lower elevation limit was significant (94.1 m; t-test, P < 0.05). Ilex anomala, Myrsine lessertiana, Note that n = 49 for native species and n = 20 for non-native species. Values surrounded in represent SD of observed values and 95% CI of the temporal permutation values. Note that P-values were calculated using a one-tailed test. Coprosma ernodeoides, Carex wahuensis and Luzula hawaiiensis var. hawaiiensis were typical native species showing this type of range shift (Fig. 2) . The species permutation test revealed that non-native species increased their upper elevation limit significantly more than native species (Appendix S2b), whereas the shift in lower elevation limit was almost same between these species groups (Appendix S2c). The elevation range did not significantly change for either native or non-native species according to the temporal permutation test (Table 2d ). However, the species permutation test revealed that changes in elevation range were not statistically the same between native and nonnative species, and native species contracted significantly more than non-native species (Appendix S2d). This difference resulted from a differential response in upper and lower elevation limits. Native species on average have not changed their upper elevation limit (Table 2b , Appendix S5c) but native species have significantly shifted their lower elevation limit upward (Table 2c , Appendix S5e), suggesting a trend towards contraction in mean elevation range of native species (P = 0.053; Table 2d ). On the other hand, non-native species have significantly shifted their upper elevation limit upward (Table 2b , Appendix S5d) and these species also shifted upward in their lower elevation limit (Table 2c , Appendix S5f), resulting in a sustained elevation range (Table 2d ). As for other elevation range shift trends, three herbaceous species, Hypochoeris radicata (non-native), Holcus lanatus (non-native) and Pteridium aquilinum subsp. decompositum (native), showed clear contraction of elevation range in both upper and lower elevation limits (Fig. 2) .
Overall trends among native and non-native species in the temporal permutation test were consistent even for cover-based (Table 2 ) and genus-level analyses (Appendix S3), although statistical significance in nonnative species shifts disappeared at the genus level. When we removed the Cibotium spp. group and Coprosma spp. group, native species trends were sustained in species-level PA-based analyses (n = 47; mean elevation shift: 56.1 m; P < 0.01; upper elevation limit: À7.5 m; P = 0.26; lower elevation limit: 96.8 m; P < 0.05; elevation range: À104.3; P = 0.05) and in cover-based analyses (mean elevation: 61.8 m; P < 0.01; upper elevation limit: À3.2 m; P = 0.33; lower elevation limit: 95.4 m; P < 0.05; elevation range: À98.7; P = 0.06).
The plot sum of cover was the same between feral animal-disturbed sites (n = 19) and non-disturbed sites (n = 27), suggesting that difference among sites in disturbance by feral animals is a minor effect. There was no statistical difference in plot sum of cover between disturbed and non-disturbed sites (Native in 1970 data set: t = 0.53, P = 0.60; Native in 2010 data set: t = À0.29, P = 0.77; Non-native in 1970 data set: t = À0.60, P = 0.55; Nonnative in 2010 data set: t = 0.70, P = 0.49) and also in temporal change in plot sum of cover (Native: t = À0.79, P = 0.43; Non-native: t = 1.19, P = 0.24).
Non-native herb species showed relatively small temporal changes in cover compared to native species (Fig. 3b) . Native herb species decreased in cover especially at high elevations (>2000 m) and in the low elevation zone (500-1200 m). The difference between these two species groups in temporal cover change was also high in the high elevation zone and low elevation zone; however, the observed (a) (b) (c) Fig. 3 . Elevation change in herb species' cover in 2010 (a), temporal change in cover (b) and difference between native and non-native temporal change in cover (c). Each line represents the moving average for a 500-m elevation window with 50-m intervals. Note that each plot contains multiple vegetation layers and the cover was calculated in the sum of all layers, such that cover can exceed 100%. The null range was calculated from species permutation showing 95% CI.
value exceeded the null range in the species permutation only in the low elevation zone and at mid-elevation (1500-1700 m; Fig. 3c ). Tree species also showed significantly higher non-native cover change than native cover change in the low elevation zone (500-1250 m; Appendix S6c). These results revealed that non-native species increased or sustained their cover more consistently than native species in the low elevation range ( Fig. 3c ; Appendix S6c).
Discussion
Vascular plants in HAVO have shifted their elevation distribution upward between 1975 and 2010 (Table 1) . However, differences were observed between native and nonnative species in their change in upper elevation limit (Tables 2, Appendix S2, S5). Native species showed a constant upper elevation limit over time whereas non-native species have increased their upper elevation limit (Appendix S5c, d, Table 2b ). At the lower elevation limit, both native and non-native species showed an upward shift (Appendix S5e, f, Table 2c ). Different factors may influence each upper and lower elevation limit (Felde et al. 2012; Ettinger & HilleRisLambers 2013) . Furthermore, native and non-native species were expected to shift their elevation distribution through different mechanisms according to their historical or ecological backgrounds. Here we discuss possible drivers of these elevation shifts in native and non-native species.
Change in lower elevation limit in native and non-native species
An upward shift in lower elevation limit of both native and non-native species could be derived from complex ecological or physiological processes such as increased drought stress through recent warming at lower elevation, and competition with other species. First, recent warming (1.07°C during the last 60 yr) with stable precipitation (Appendix S4) may cause an increase in evaporation, especially in warmer low elevation sites. Younger substrates at lower elevation could also enhance drought conditions due to their lower water-holding capacity (Selmants & Hart 2008; Crausbay & Hotchkiss 2010) . Angelo & Daehler (2013) also pointed out the possibility of climate change influencing species' upward shifts in HAVO. Rather than warming itself, actual evaporation is reported to be a better predictor of Hawaiian invasive plant richness (Jakobs et al. 2010) , suggesting a possible effect of warming through changing water balance (Crimmins et al. 2011; Juvik et al. 2011) . Second, interspecific competition could be another driver affecting species' lower elevation limits. Competition is reported to be an important factor at lower elevations (Ettinger & HilleRisLambers 2013) . For example, Callaway et al. (2002) reported that removal of neighbours at low elevations increased plant growth, suggesting that competition is prohibiting expansion at low elevations. In our results, relatively high non-native species' cover change compared to native species was observed at low elevation (500-1200 m; Fig. 3 , Appendix S6) and this result also suggested possible competitive exclusion. Although such species interactions need confirmation using experiments, we hypothesize that widely coverincreased non-native species such as Psidium cattleianum, Nephrolepis brownii, Ehrharta stipoides and Melinis minutiflora may have contributed to the competitive dominance of non-native species in the low to mid-elevation range (Appendix S8).
Change in upper elevation limit in native and non-native species
An upward shift of upper elevation limit in non-native species may imply that these species are still experiencing range expansion associated with either their recent arrival or with environmental change. Such upward expansion of non-native species was observed in Rubus argutus, Anthoxanthum odoratum, Lythrum maritimum, Paspalum dilatatum, Holcus lanatus and Ehrharta stipoides, which have invaded mid-to upper elevation forests ( Fig. 2 ; Appendix S8). Upward movement of non-native species has been reported worldwide (Alexander et al. 2011 ) and also in alpine areas of Mauna Loa (Juvik et al. 2011) , suggesting high drought tolerance in some non-native species. In addition to range expansion due to recent arrival, several factors could simultaneously have promoted upward invasion. Angelo & Daehler (2013) reported an upward shift in some non-native grasses, especially in fire-adapted species, concurrent with increasing fire frequency and extent on the island of Hawai'i (Smith & Tunison 1992) . Vehicle access roads can also alter invasion of non-native species through enhanced dispersal (Juvik et al. 2011) . Feral animals may also influence spread of naturalized species (Daehler 2005) . These anthropogenic impacts may have affected the upper elevation limits of non-native species.
On the other hand, native plants did not change significantly in their upper elevation limit (Table 2b ). This trend was especially represented by Luzula hawaiiensis var. hawaiiensis in the sub-alpine Metrosideros scrub forest zone (Fig. 2) . This lack of expansion in upper elevation limit was possibly affected by severe drought stress. In high elevation zones above around 2000 m, a trade wind inversion (TWI) often restricts cloud formation, creating very dry conditions above the TWI. Cao et al. (2007) reported that the frequency of the TWI increased between 1979 and 2003, suggesting recent drier conditions in this high elevation zone. A reduced annual precipitation trend was also observed at the Mauna Loa summit (3400 m; Angelo & Daehler 2013) . Concurrent with this recent drier trend at high elevation, another study on Mauna Loa at high elevation (2500-3400 m) also found no increase in plant species' upper elevation limits from 1958 to 2008 (Juvik et al. 2011) . Reduced precipitation at higher elevations could also have triggered the apparent down-slope shift of some native species' upper elevation limit (above 2200 m; Fig. 4b ).
Upward shifts on a tropical island
Our data revealed that plants shifted their mean elevation over four decades on the tropical island of Hawai'i (Table 1a ; Kelly & Goulden 2008) . Although the methods of analysis were different among these reports, the observed elevation shifts in Hawai'i (Tables 1, 2 ) are similar to rates of change in other regions in spite of slower temperature warming in Hawai'i. However, the TWI will likely place a hard limit on upward migration, and the speed of elevation shifts in Hawaiian plants is expected to be slower in the future.
In spite of an upward trend, individual species showed wide variability in their elevation shifts, and some species actually shifted downward (Fig. 4 , Appendices S1, S5). This interspecific variability was wider in low frequency species (Appendix S7). In these rare species, their observed occurrence in a few plots might not be indicative of their actual elevation occurrence; this probably caused higher variation in the rarer species. Lenoir et al. (2010) also suggested the possibility of stochastic fluctuations in the positions of individuals or populations, which could be a mechanism leading to an apparent down-slope shift in some species. They suggested that transient competitive release at the lower margin due to upward shift of competitive species could be another mechanism leading to variability in range. These stochastic or competitive influences are also likely to affect tropical island plants.
Several limitations in this research should be mentioned. Since the slope increases with elevation, species have to move a larger horizontal distance at low elevations than at high elevations to gain the same amount of thermal shift. Thus, dispersal limitation might restrict shifts in elevation change among species limited to lower elevations. However, such a trend is not obvious when examining individual species' distribution changes (Appendix S8). Substrate age may also have affected species' elevation shifts not only through affecting susceptibility to water stress, as previously mentioned, but also through possible nutrient stress that is particular on young lava (Aplet & Vitousek 1994; Vitousek et al. 1995) . 
Conclusion
On the island of Hawai'i, we found that vascular plants have shifted their mean elevation range upward during the last four decades (Table 1a) . However, native and nonnative species showed differences in the movement of their elevation boundaries. While both species groups shifted upward in their lower elevation limit, only non-native species increased in upper elevation limit. Through complex factors such as climate change, competition, disturbance and increasing invasion by non-native species, native and non-native species seem to have shifted upward through different processes, especially considering their upper elevation limits. While non-native species increased their upper elevation limit, possibly because they mostly still have not reached the severe drought conditions that prevail at high elevation, native species' upper elevation limits seemed more often to be limited by drought associated with the TWI. The TWI appears to be a strong barrier to upper elevation shifts on the island of Hawai'i, suggesting future contraction of plant ranges, as lower range limits shift upward.
